Abstract. The previously reported observation of anomalous eastward gravity wave forcing at mesopause heights around the onset of the January 2013 major sudden stratospheric warming (SSW) over Trondheim, Norway (63 • N, 10 • E), is placed in a global perspective using Microwave Limb Sounder (MLS) temperature observations from the Aura satellite. It is shown that this anomalous forcing results in a clear cooling over Trondheim about 10 km below mesopause heights. Conversely, near the mesopause itself, where the gravity wave forcing was measured, observations with meteor radar, OH airglow and MLS show no distinct cooling. Polar cap zonal mean temperatures show a similar vertical profile. Longitudinal variability in the high northern-latitude mesosphere and lower thermosphere (MLT) is characterized by a quasi-stationary wave-1 structure, which reverses phase at altitudes below ∼ 0.1 hPa. This wave-1 develops prior to the SSW onset, and starts to propagate westward at the SSW onset. The latitudinal pole-to-pole temperature structure associated with the major SSW shows a warming (cooling) in the winter stratosphere (mesosphere) which extends to about 40 • N. In the stratosphere, a cooling extending over the equator and far into the summer hemisphere is observed, whereas in the mesosphere an equatorial warming is noted. In the Southern Hemisphere mesosphere, a warm anomaly overlaying a cold anomaly is present, which is shown to propagate downward in time. This observed structure is in accordance with the temperature perturbations predicted by the proposed interhemispheric coupling mechanism for cases of increased winter stratospheric planetary wave activity, of which major SSWs are an extreme case. These results provide observational evidence for the interhemispheric coupling mechanism, and for the wave-mean flow interaction believed to be responsible for the establishment of the anomalies in the summer hemisphere.
Introduction
Sudden stratospheric warmings (SSWs) are dramatic dynamic events that influence the temperature, circulation and chemical composition of the winter polar middle atmosphere (e.g. Labitzke, 1981; Charlton and Polvani, 2007; Gerber et al., 2012, and references therein) . SSWs are understood to develop due to the interaction between vertically propagating planetary waves (PWs) and the stratospheric vortex (Matsuno, 1971) , and are characterized, in a zonal mean sense, by a rapid warming of the wintertime polar stratosphere, and a weakening (minor SSW) or reversal (major SSW if the reversal extends to 60 • N and 10 hPa) of the stratospheric vortex (e.g. Labitzke, 1981) .
Due to their large effect on stratospheric zonal winds, SSWs are capable of altering filtering conditions for upwardpropagating gravity waves (GWs). Various modelling studies have shown eastward GW forcing anomalies at mesosphere and lower thermosphere (MLT) altitudes in relation to SSWs (e.g. Yamashita et al., 2010; Chandran et al., 2011 Limpasuvan et al., 2012) , a result that has been confirmed by radar observations of GW forcing at mesopause heights during the 2013 major SSW (de Wit et al., 2014b) . Model studies have shown this departure away from climatological wintertime westward GW forcing to be associated with the weakening or reversal of the wintertime residual circulation and associated cooling of the mesosphere during
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SSWs (e.g. Holton, 1983; . In addition to mesospheric cooling, the high-latitude MLT response to SSWs has been observed to be characterized by a reversal or weakening of the wintertime eastward winds, as well as enhanced PW activity (Hoffmann et al., 2002 (Hoffmann et al., , 2007 Jacobi et al., 2003; Matthias et al., 2012) . Similarly, modelling studies have shown zonal wind reversals and increased PW forcing at mesospheric altitudes associated with SSWs (Chandran et al., 2013; Limpasuvan et al., 2012) .
However, the effect of SSWs is not confined to the winter polar region. Matthias et al. (2013) used observations as well as reanalysis data to study the latitudinal displacement of SSWs throughout the Northern Hemisphere middle atmosphere. Although in most cases disturbances related to SSWs are strongest over the polar region, these disturbances have been observed to shift to mid-latitudes, which has been linked to increased mid-latitude PW activity (Matthias et al., 2013) . Fritz and Soules (1970) were the first to show, using satellite radiance observations, that SSWs are accompanied by a simultaneous cooling over the equatorial region as well as the summer hemisphere at stratospheric levels. This equatorial cooling in connection to SSWs has been observed to extend upward to the mesosphere by Shepherd et al. (2007) . In the equatorial upper mesosphere (between 70-80 km), Sridharan et al. (2010) observed a warming of 10-15 K in relation to the 2009 major SSW. Using an SSW composite generated with the specified dynamics version of the Whole Atmosphere Community Climate Model (WACCM-SD), found a cooling equatorward of 40 • N below 60 km, and a warming above, which was seen to extend to the Southern Hemisphere low latitudes. In addition, found a dependence of this signal on the phase of the quasi-biennial oscillation (QBO). They found that westward propagating PWs penetrated across the equator in the upper stratosphere when the QBO in the lower stratosphere was in the westward (blocking) phase and the QBO signal in the upper stratosphere was in the eastward phase, as was first proposed by Espy et al. (1997) . This penetration of PWs into the upper stratosphere caused reduced upwelling and hence the weaker cooling.
The current study builds upon the observations of de Wit et al. (2014b) , who observed that zonal winds from the surface to 100 km reversed and GW forcing at ∼ 90 km peaked eastward over Trondheim, Norway (63 • N, 10 • E), during the onset of the January 2013 major SSW. Here, meteor radar and OH airglow temperature observations over Trondheim are presented from December 2012-February 2013 in order to study the mesopause temperature response to this observed eastward GW forcing. Using Aura Microwave Limb Sounder (MLS) temperatures, the temperature response in the layers below the altitude of meteor radar and airglow observations is quantified. In addition, the longitudinal variability of middle atmospheric temperatures in a 15 • latitude band around Trondheim is quantified around the SSW onset. Subsequently, the latitudinal variability and temporal development of the temperature perturbations related to the major SSW are presented from the winter to the summer pole, and these results are discussed in light of the interhemispheric coupling mechanism suggested by modelling results (Becker and Fritts, 2006; Karlsson et al., 2009a; Körnich and Becker, 2010) .
Data and analysis
Single station mesopause temperature data over Trondheim, Norway (63 • N, 10 • E), have been obtained using an all-sky interferometric meteor (SKiYMET) radar as well as airglow measurements. The Trondheim meteor radar has been operational near-continuously since September 2012, and has previously been used to quantify the zonal wind, gravity wave momentum flux and gravity wave forcing during the January 2013 major SSW (de Wit et al., 2014b) . The radar's peak power is 30 kW, and the radar operates at a frequency of 34.21 MHz. Meteors are detected between about 70 km and 100 km, with meteor count rates peaking at ∼ 90 km. Further details on the Trondheim meteor radar can be found in de Wit et al. (2014a) . Daily meteor radar temperatures are derived using the technique outlined in Hocking (1999) , in which meteor trail decay time is used to determine the ambipolar diffusion coefficient (D a ). A scale-height analysis of D a allows for the determination of absolute temperatures as well as their uncertainty at ∼ 90 km (Hocking, 1999; Hocking et al., 2001; Stober et al., 2012) .
Two additional independent temperature measurements for the same location are obtained using optical observations of the hydroxyl (OH) airglow spectra of two spectral bands in the near-infrared. These observations are taken to represent the average temperature over an 8 km thick layer of the atmosphere centred around 87 km. Nightly (solar depression angle > 5 • ) high-resolution spectral measurements of the Meinel (3,1)-and (4,2)-bands have been used to determine nightly mean temperatures using the method described in Espy and Stegman (2002, and references therein) . The current analysis has been slightly modified, and corrects for scattered light by subtracting off a baseline rather than employing a separate model as outlined in Espy and Stegman (2002) . Prior to operation during the 2012-2013 winter, the instrument was calibrated for spectral radiance by a radiance standard traceable to the National Institute of Standards and Technology (NIST) in October 2012.
Near-global lower and middle atmosphere temperature data are provided by the Earth Observing System Microwave Limb Sounder (EOS MLS) aboard NASA's Aura satellite. Aura orbits at 705 km altitude in a sun-synchronous orbit, with an inclination of 98 • and an orbit time of 100 min (Waters et al., 2006 (Waters et al., 2006; Livesey et al., 2011) using the retrieval algorithms as outlined in Livesey et al. (2006, and references therein) .
The current study uses MLS version 3.3 temperature measurements between 100-0.001 hPa and 82 • S-82 • N from December 2012-February 2013. The vertical resolution of the data changes from around 5 km at 100 hPa to 3.6 km at 31.6 hPa, and increases again with increasing height to 6 km in the mesosphere (Livesey et al., 2011) . A full discussion of the uncertainties and biases in the MLS data can be found in Schwartz et al. (2008) .
Prior to further processing, the data have been screened following the criteria described in Livesey et al. (2011) to guarantee that no poor-quality data are used. After dividing the data in a latitude-longitude grid, the daily mean and standard deviation of the observations are calculated and all observations more than 3 standard deviations away from the mean are removed to filter out any outliers remaining in the processed data (McDonald et al., 2011) . In order to ensure a reasonable number of observations are used within each daily average, the latitude-longitude grid is specified depending on the analysis performed (see the Results section for further details). Daily average temperatures are calculated, using the temperature weighted by the cosine of the latitude in order to account for the relative increase in measurement density when moving poleward (e.g. Mlynczak et al., 2000) .
To study the temporal and longitudinal variability of the 2013 major SSW, the observed absolute MLS temperatures have been used. However, in order to investigate the latitudinal coupling during the SSW, temperature perturbations from the zonal mean temperatures have been calculated in 5 • latitude bands from 80 • N-80 • S for all available pressure levels between 100-0.001 hPa. In order to retain only the intraseasonal temperature perturbations, the seasonal cycle has been removed using a Butterworth filter with a 50-day highfrequency pass band.
Results

Temperature profile over Trondheim during the SSW
As shown in de Wit et al. (2014b) , and reproduced in Fig. 1a , the mesopause GW forcing over Trondheim during the onset of the January 2013 major SSW peaked eastward. To balance this eastward forcing, the development of an equatorward residual circulation resulting in upwelling and (adiabatic) cooling in these regions is expected (e.g. Holton, 1983; Becker, 2012) . To check this assumption, the mesopause meteor radar temperatures (black dots, ∼ 90 km) and airglow temperatures ((3,1)-band red crosses; (4,2)-band blue dots, ∼ 87 km) have been shown in Fig. 1b for the same loca- tion and time period. Furthermore, the MLS temperatures in a 15 • × 15 • area centred around Trondheim have been included (green dash-dotted line). The MLS pressure level under consideration is 0.002 hPa, which represents an approximate altitude of 86 km (based on CIRA-86 values, Fleming et al., 1990) .
All four independent temperature measurements generally show good quantitative agreement. Throughout December 2012 the mesopause temperatures can be seen to oscillate between around 190 and 220 K. Although mesopause temperatures right after the SSW onset are at the minimum of 190 K, no clear mesopause cooling directly associated with the SSW onset is present. Rather, these low temperatures seem to be associated with the observed periodic oscillations in temperature and appear in no way distinct from the cold periods prior to the SSW. On the other hand, post-SSW during the second half of January, a mesopause warming is observed (Fig. 1b) at the same time the GW forcing over Trondheim turns westward (Fig. 1a) . Figure 1c shows the MLS temperatures for the same 15 • × 15 • area centred around Trondheim, but at 0.01 hPa (∼ 79 km). Throughout December the temperatures at 0.01 hPa are generally comparable to the temperatures shown in Fig. 1b . However, 3 days prior to the SSW onset temperatures start to decrease, reaching minimum values of ∼ 180 K about one week after the SSW onset, demonstrating a clear cooling at this altitude over Trondheim related to the SSW.
Polar cap zonal mean temperatures during the SSW
To study the development of the temperature in the polar middle atmosphere during the 2012-2013 winter in more detail, the vertical profile of the polar cap zonal mean (70-80 • N) temperatures from MLS are shown in Fig. 2 . Throughout December maximum temperatures of up to 270 K are located between 1 and 0.1 hPa, marking the stratopause. Around the beginning of January, the temperature maximum shifts downward, causing temperatures down to 100 hPa to increase. These anomalously high temperatures last until the second half of January at 10 hPa. Concurrently, a mesospheric cooling is visible that maximizes at 0.01 hPa.
It is also clear that the zonal mean temperatures do not show a cooling at 0.002 hPa associated with the SSW. However, a warming post-SSW is visible, in accordance with the observations over Trondheim. At the end of January, no clearly defined temperature maximum with height (i.e. a stratopause) appears to be present. An elevated stratopause (e.g. Orsolini et al., 2010) can be seen to reform just below 0.01 hPa around the start of February, which propagates down to its pre-SSW altitude throughout February. During this elevated stratopause period, post-SSW mesospheric temperatures have increased relative to their pre-SSW values. This course of events agrees well with the general temperature behaviour related to major SSWs with an associated elevated stratopause event (e.g. , and references therein), as well as with the temperatures presented for the 2013 major SSW as observed with the Solar Occultation for Ice Experiment onboard the Aeronomy of Ice in the Mesosphere satellite (Thurairajah et al., 2014) .
Zonal temperature structure at 63 • N during the SSW
Although the World Meteorological Organization defines SSWs in a zonal mean sense (weakening or reversal of the zonal mean eastward wind at 10 hPa; e.g. Charlton and Polvani, 2007) , their effect in the stratosphere and mesosphere exhibits large zonal variability (e.g. Charlton and Polvani, 2007; Matthias et al., 2013) . In order to study the longitudinal variability of the 2013 major SSW, Fig. 3 shows the longitudinal temperature distribution in a 15 • latitude band centred around Trondheim. Pre-SSW a cold anomaly can be seen to develop in the MLT, with the maximum located in the Eastern Hemisphere. The approximate altitude scale has been derived using CIRA-86 data (Fleming et al., 1990) . The onset of the SSW is indicated by a dotted line.
Trondheim is right on the western edge of this cold anomaly, until on the 7 January the cold anomaly starts to propagate westward over Trondheim. Around the 15 January the cold anomaly is located to the west of Trondheim and warmer temperatures have moved in overhead. This agrees with the airglow and meteor radar temperatures in Fig. 1 , where the mesospheric warming over Trondheim that occurs after the SSW can be seen to begin on the same day. However, from Fig. 3 it becomes clear that this warming is only observed in the Eastern Hemisphere and that the cold anomaly is still present in the Western Hemisphere. Hence, Fig. 3 clearly illustrates that during the 2013 major SSW, large longitudinal variability is present in the stratosphere as well as mesosphere. Therefore, the behaviour seen in single station data will depend strongly on the position of the station relative to the wave structure, and should thus be interpreted with care (Jacobi et al., 2003; .
Pole-to-pole middle atmosphere zonal mean temperature anomaly during the SSW
SSWs are not exclusively high-latitude phenomena, and their effect has been shown to extend to mid-and low latitudes both in the stratosphere and MLT (e.g. Shepherd et al., 2007; Sridharan et al., 2010; Matthias et al., 2013; . To study the latitudinal extent of the temperature perturbations related to the 2013 major SSW in more detail, Fig. 4 shows a latitude-height cross-section of the 10-day average zonal mean temperature perturbation centred 9 days after the SSW onset. From Fig. 4 it is clear that the SSW effect is not confined to the high-latitude winter pole. The stratospheric warm anomaly and MLT cold anomaly associated with the major SSW extend from polar regions down to mid-latitudes near 40 • N. In the stratosphere, the high-latitude warming is associated with a cooling that stretches out equatorward from 40 • N, over the equator and far into the summer hemisphere. 
Discussion
The mesopause GW forcing over Trondheim has been observed to turn eastward during the onset of the January 2013 major SSW (de Wit et al., 2014b, and Fig. 1a) . Model results have shown mesospheric cooling associated with anomalous eastward GW forcing to develop in relation to SSWs (e.g. Holton, 1983) . Although the combined meteor radar, airglow and MLS mesopause temperature observations presented here generally show good quantitative agreement, no mesopause cooling directly associated with this eastward GW forcing is observed (Fig. 1a and b) . However, Fig. 1c shows that about 10 km lower, at ∼ 79 km, MLS temperatures indicate a cooling around the SSW onset. Although the lack of cooling in relation to the eastward GW forcing at mesopause altitudes might seem remarkable, it can be explained in terms of downward control in that the mean steady-state vertical velocity at any level outside the tropics is related to the integrated amount of wave forcing in the column above that level (Haynes et al., 1991; Garcia and Randel, 2008) . For example, in a ThermosphereIonosphere-Mesosphere-Electrodynamics General Circulation Model (TIME-GCM) study of GW parameter effects on mesosphere and thermosphere temperature behaviour during SSWs, Yamashita et al. (2010) noted mesospheric cooling occurred below the peak eastward GW forcing region. Hence, a GW forcing anomaly does not necessarily correspond to a cooling at the same altitude, and the behaviour R. J. de Wit et al.: Atmospheric coupling during 2013 major SSW depicted in Fig. 1 agrees well with the principle illustrated by Yamashita et al. (2010) .
A temperature dependence on altitude similar to that shown in Fig. 1 was found by Siskind et al. (2005) , who used Sounding of the Atmosphere with Broadband Emission Radiometry (SABER) satellite temperature observations validated with OH airglow temperatures to conclude that mesospheric temperatures between 0.7 and 0.01 hPa showed a significant anticorrelation with stratospheric temperatures. Above 0.01 hPa this correlation was seen to break down, which is in accordance with the lack of cooling observed between ∼ 86 and ∼ 90 km over Trondheim. Following their result, Siskind et al. (2005) suggested that measurements between ∼ 83-90 km may not be representative of the entire mesosphere. However, Hoffmann et al. (2007) observed cooling to be associated with SSWs at those altitudes, using meteor radar temperature observations at Resolute Bay (75 • N, 95 • W, ∼ 90 km), Andenes (69 • N, 16 • E, ∼ 90 km) and Kühlungsborn (54 • N, 11 • E, ∼ 87 km). Considering these studies did not examine the same SSW, this suggests that the details of the vertical temperature structure change from event to event.
The presence of one cold cell in the mesosphere as seen in Fig. 3 suggests the existence of a planetary wave-1 temperature structure, which is indicative of a vortex displacement type warming (e.g. Charlton and Polvani, 2007) . To look into this planetary wave-1 structure in more detail, Fig. 5a shows the amplitude of the wave-1 around the SSW onset in the stratosphere and mesosphere. In the mesosphere, the wave-1 strengthens until 2 days prior to the SSW onset and maximizes at 0.02 hPa. From Fig. 5b it can be seen that the phase of this wave is relatively constant in time up until the SSW onset, indicating that the wave is quasi-stationary. Concurrently, an almost oppositely phased wave-1 structure develops below ∼ 1 hPa. The phase-fronts of the warm anomaly below ∼ 1 hPa increase with height as one moves towards the west, whereas the phase of the mesospheric cold anomaly appears to change less with altitude (see Fig. 3 ).
Similar PW behaviour has been noted by Liu and Roble (2002) while studying the coupling between the stratosphere and MLT during a self-generated SSW event in TIME-GCM. Their analysis indicated that planetary wave-1 was the dominant wave component generated during the warming event. In addition, Liu and Roble (2002) showed the PWs in the stratosphere and MLT to be out of phase, which was attributed to in situ forcing of PWs in the MLT due to the nonzonally symmetric filtering of upward propagating GWs.
At the SSW onset, the wave-1 structure starts to propagate westward in both the stratosphere and mesosphere, and inspection of Fig. 5b suggests the anomalies are approximately phase-locked. The westward propagation of the MLT wave number 1 post-SSW has been seen using SABER temperatures as well as in WACCM-SD simulations of a minor SSW in January 2012 (Chandran et al., 2013) . During this latter event, Chandran et al. (2013) observed a westward propaga- tion of the MLT wave number 1 starting 1 day prior to the SSW onset, although in the stratosphere between 40-50 km the PW remained quasi-stationary. In this case the behaviour was interpreted as in situ forcing of PWs in the MLT due to instabilities of the background zonal wind field (Chandran et al., 2013 ).
An additional mechanism causing PWs in the MLT could be upward PW propagation from the stratosphere (e.g. Smith, 2003) . However, it must be noted that the wave-1 structures in the stratosphere and MLT are separated by a minimum in PW amplitude between ∼ 1 and ∼ 0.1 hPa as indicated in Fig. 5a . This would indicate that the PW in the MLT is not an extension of the stratospheric wave and suggests that the PW in the MLT is forced in situ (Liu and Roble, 2002; Chandran et al., 2013) . However, based solely on these temperature observations it is not possible to draw any definite conclusions without detailed modelling to determine the source of the wave-1 in the MLT during the 2013 major SSW.
The temperature structure seen in Fig. 4 is very similar to the temperature anomalies modelled by Becker and Fritts (2006) (their Fig. 5a ) and invoked in the interhemispheric coupling mechanism proposed by Becker and Fritts (2006) , Karlsson et al. (2009a) and Körnich and Becker (2010) for the case of high PW activity in the winter stratosphere. In this interhemispheric coupling mechanism, hereafter referred to as "BKK mechanism" (following Murphy et al., 2012) , PW anomalies in the winter stratosphere are coupled to summer MLT temperature perturbations following a sequence of meridional circulation anomalies that each give rise to temperature perturbations in different parts of the middle atmosphere. As major SSWs are a result of increased PW activity in the winter stratosphere (Matsuno, 1971) , major SSWs and their associated temperature anomalies can be seen as a special case of the BKK mechanism (Körnich and Becker, 2010) . In contrast to the numerous modelling studies investigating the BKK mechanism (Becker and Fritts, 2006; Karlsson et al., 2009a; Körnich and Becker, 2010) , observational evidence for the pole-to-pole coupling is less common. Therefore, we will discuss the temperature anomalies observed during the 2013 major SSW and shown in Fig. 4 in light of this interhemispheric coupling mechanism in more detail.
The BKK coupling mechanism is triggered by increased PW activity in the winter stratosphere, which results in a warming of the winter polar stratosphere. This increased PW activity leads to a stronger Brewer-Dobson circulation resulting in stronger downwelling and thus heating in the polar stratosphere, and stronger upwelling and hence cooling in the equatorial region (e.g. Matsuno, 1971; Körnich and Becker, 2010, and references therein) . This mechanism explains the stratospheric temperature structure present in Fig. 4 , with a winter polar stratospheric warm anomaly and cooling equatorward of 40 • N. Such equatorial cooling in connection to warmings in the winter polar region was originally observed by Fritz and Soules (1970) . Using a composite of all major SSWs between 1988-2010 simulated with the specified dynamics version of WACCM (WACCM-SD), showed a stratospheric cooling equatorward of 60 • N to be associated with major SSWs.
At altitudes above ∼ 0.1 hPa in Fig. 4 , a warm anomaly is observed between 40 • N and 30 • S. This observed equatorial warming is coupled to the mesospheric cooling at polar latitudes through the introduction of a GW-driven residual circulation. Selective filtering of GWs in the anomalous westward stratospheric winds during a major SSW introduces an eastward GW forcing perturbation in the polar MLT (de Wit et al., 2014b) , which is balanced by an equatorward residual circulation. This GW-driven residual circulation causes the observed cooling in the polar MLT, and warming in the equatorial mesosphere (e.g. . The WACCM simulations presented by that have been discussed above for the stratosphere, also showed a warming of the mid-latitude and equatorial mesosphere. In addition, an equatorial warming between 70 and 80 km in connection to the 2009 major SSW was observed over Gadanki (14 • N) using lidar observations (Sridharan et al., 2010) . However, our observations contrast with the result presented by Shepherd et al. (2007) , who used WINDII, MLS (both aboard UARS), and SABER temperature satellite data to study the SSW effect on the mesospheric temperature field from 5-15 • N and observed an equatorial mesospheric cooling in relation to stratospheric warmings. Karlsson et al. (2009a) proposed a mechanism through which the low-latitude MLT warm anomaly seen in Fig. 4 can lead to a warm anomaly in the MLT of the summer pole. The warm anomaly in the equatorial mesosphere increases the meridional temperature gradient in the summer hemisphere, and a stronger increase of zonal wind with height compared to the climatological case occurs in the summer mesosphere at mid-latitudes, consistent with conservation of thermal wind balance. As a result, eastward GWs are filtered lower down in the increased zonal winds, resulting in a downward shift of the residual circulation (Becker and Fritts, 2006; Karlsson et al., 2009a) . Associated with this downward shift, less dynamical cooling occurs in the region of reduced equatorward flow, leading to a warm anomaly (Karlsson et al., 2009a; Körnich and Becker, 2010) . Below, the relative increase in GW forcing results in enhanced equatorward flow and an increase of dynamical cooling, and therefore a cold-temperature perturbation.
Indeed, summer temperatures at the top of the MLT are warmer, as can be seen from Fig. 4 . Nine days after the SSW onset, this warming is maximized around 50 • S and extends down to about 80 km at this latitude. It should be noted that this polar warm anomaly does not extend as far down as the low-latitude warm anomaly, which is in accordance with the model results (e.g. Becker and Fritts, 2006) . Karlsson et al. (2009b) observed the effect of this increased summer mesopause temperature in relation to strong winter stratosphere PW activity as well, using polar mesospheric cloud occurrence frequency as a proxy for polar mesopause temperature. However, as this technique can only determine temperature changes in a thin layer, no vertical profiles were shown. In Fig. 4 , the warm anomaly in the summer MLT can be seen to be associated with a cold anomaly below about 80 km, creating a temperature dipole. This cold anomaly is not usually mentioned in relation to the BKK mechanism (see e.g. Fig. 1 in Körnich and Becker, 2010 , where only a summer mesopause warm anomaly is included in the schematic of the mechanism). However, it is in accordance with a downward shift of the GW-driven residual circulation and has also been noted by Becker and Fritts (2006) who saw, using single station data over Andenes (69 • N), a cooling below about 82 km and warming above in connection to the 2002 SSW in the Southern Hemisphere.
To study the stability of the temperature structure induced by the BKK mechanism as shown in Fig. 4 , the middle atmosphere temperature anomaly time series is correlated relative to the high-latitude winter mesosphere. The altitude of maximum mesospheric cooling (0.01 hPa, see Fig. 2 ) was used as the reference in the correlations, and the time period, from 1 January-28 February 2013, was chosen to include the main perturbations caused by the SSW. The approach is similar to that of Xu et al. (2009) , except that in our study the winter mesosphere has been used as a baseline rather than the summer mesosphere.
The zero-lag result is shown in Fig. 6 . In the winter MLT, the temperature anomalies are all positively correlated (depicted red) up to about 40 • N. The winter stratosphere is negatively correlated (depicted blue), indicating the temperature perturbations develop out of phase and illustrating that the warming in the stratosphere is associated with cooling in the MLT and vice versa. The low-latitude MLT as well as the summer mid-and high-latitude temperature perturbations at altitudes above 80 km are out of phase relative to the baseline. However, the mid-and high-latitude temperature perturbations below 80 km, which constitute the lower branch of the temperature dipole, are positively correlated with the baseline. Figure 6 looks very similar to Fig. 4 (note that the colours are reversed, reflecting the use of the winter high-latitude MLT as the baseline time series). Considering that the correlation time series spanned 1 January-28 February, this indicates that the BKK mechanism induced temperature variability in response to the mesospheric cooling and subsequent warming (i.e. the baseline behaviour) is stable and is the dominant mode of temperature variability throughout the whole middle atmosphere during this time period.
To investigate the development of the Southern Hemisphere response, Fig. 7a-c shows the 5-day mean middleatmosphere temperature anomalies between 80 and 30 • S, for three different time periods starting at the onset of the SSW, and 5 and 10 days later. At the SSW onset (panel a), a warm anomaly overlaying a cold perturbation is present in the mesosphere. Throughout the stratosphere, the equatorial cold anomaly extends to about 70 • S. Five days later (panel b), the stratospheric temperature anomalies are no longer present except for a limited region equatorward of 50 • S. In the MLT, the temperature dipole, expected from the downward shift in GW breaking altitude (Karlsson et al., 2009a) , has intensified relative to the situation shown in panel a. As in panel a, the warm anomaly extends down to about 80 km closest to the equator. The warm anomaly gets shallower closer to the Figure 8 in Karlsson et al. (2009a) shows the modelled GW forcing anomaly in the summer MLT in response to strong wintertime stratospheric PW events at different times during the coupling process, and upon inspection of their figure a similar structure is seen. In the anomalies presented in Karlsson et al. (2009a) , a westward GW forcing anomaly (denoting a reduction in eastward GW forcing and thus a reduction in equatorward flow relative to the climatological state at this altitude, which is associated with warm perturbations) with its phase front slanting up towards the pole overlays an eastward GW forcing anomaly (associated with cold perturbations), and these anomalies can be seen to propagate poleward in time, just like the observed temperature anomalies presented in Fig. 7 As the Southern Hemisphere temperature dipole is thought to develop in response to a GW/mean-wind interaction, the temperature response is expected to propagate downward in time (Karlsson et al., 2009a) . The model results of Karlsson et al. (2009a) indeed showed a downward propagation of the temperature anomalies. To provide observational evidence for the wave/mean-flow interaction as the mechanism responsible for the coupling from the equator to the summer hemisphere, the temporal development of the temperature anomalies between 55 and 60 • S are shown in Fig. 7d . Again, the temperature dipole with warm overlaying cold anoma-lies is apparent. The warm anomaly is confined to above around 85 km up to day 5, until at day 19 it has reached 70 km. Clearly, the observed warm temperature anomaly propagates downward in time, supporting the notion that the observed temperature perturbations occur as a result of the wave/mean-flow interaction.
Summary
The current paper uses Aura MLS temperature observations to put the observations of de Wit et al. (2014b) in a global perspective -de Wit et al. showed the zonal wind over Trondheim (63 • N, 10 • E) to reverse from eastward to westward from the surface to 100 km around the onset of the major SSW on 7 January 2013, and mesopause GW forcing to peak eastward. The expected response to this eastward GW forcing is a cooling (Holton, 1983) . However, mesopause temperature observations obtained using meteor radar, OH airglow and MLS for the same location do not show a clear cooling in relation to the SSW. In contrast, temperatures over Trondheim measured by MLS at ∼ 79 km do show a distinct cooling around the SSW onset. This vertical structure has been attributed to downward control, and is reflected in a TIME-GCM study of the response of the mesosphere and thermosphere to GW forcing associated with SSWs, which showed maximum mesospheric cooling to occur below the area of peak eastward GW forcing (Yamashita et al., 2010) .
Polar cap zonal mean temperatures derived from MLS data show that the temperature behaviour observed over Trondheim holds in a zonal mean sense, with maximum mesospheric cooling centred at around 0.01 hPa (∼ 79 km). Post-SSW mesospheric warming is observed both over Trondheim and in the polar cap zonal mean, in agreement with the strong westward GW forcing present over Trondheim at this time. Although the temperatures observed over Trondheim agree well with the zonal mean behaviour, large longitudinal temperature variability is present at this station's latitude. Prior to the SSW onset, a quasi-stationary planetary wave-1 develops below ∼ 0.1 hPa, whereas above this level a wave-1 structure of the opposite sign appears. At the SSW onset, these structures start to propagate westward and appear to be phase-locked. The existence of the PW in the mesosphere is thought to be forced in situ due to either non-zonally symmetric filtering of upward propagating GWs or instabilities in the zonal wind field, although based solely on these observations the two mechanisms cannot be distinguished.
Focusing on the latitudinal extent of the 10-day average of temperature perturbations centred 9 days after the SSW onset, the winter stratospheric warming and mesospheric cooling are seen to extend up to about 40 • N. The stratospheric warming is accompanied by cooling in the equatorial region and into the summer hemisphere. In the MLT, an equatorial warm anomaly is present, that splits into a dipole of warm overlaying cold perturbations when moving toward the summer pole. This pole-to-pole temperature perturbation pattern can be interpreted in terms of the interhemispheric coupling mechanism (Becker and Fritts, 2006; Karlsson et al., 2009a; Körnich and Becker, 2010) as a response to enhanced winter stratosphere PW activity leading to the major SSW. Subsequent correlation analysis, relating winter mesosphere temperature perturbations to the rest of the middle atmosphere, shows that this feature is the main mode of temperature variability around the 2013 major SSW. The Southern Hemisphere response to this SSW is characterized by a temperature dipole, with warm temperature anomalies overlaying cold anomalies. The observed warm anomaly is seen to propagate downward in time, in agreement with GW/mean-flow interaction proposed by Karlsson et al. (2009a) to explain the summer MLT response to winter stratospheric PW activity.
